The oxidation of rhodium particles leads to the formation of low-dimensional nanostructures, namely ultrathin oxide films and stripes adsorbed on the metallic surface. These structures display unique electronic and structural properties, which have been studied in detail experimentally and theoretically in recent years. In this review, the state of research on low-dimensional surface oxides formed on Rh surfaces will be discussed with a special focus on the contributions derived from computational approaches. Several points elucidating the novel properties of the surface oxides will be addressed: (i) the structural relation between the surface oxides and their bulk counterparts, (ii) the electronic properties of the low-dimensional oxide films and (iii) potential catalytic and electronic applications of the surface oxides.
Introduction
Late transition metals are commonly used for oxidation and reduction reactions in heterogeneous catalysis, as for the oxidation of CO or the reduction of NO x in the automotive three-way catalyst [1] . Under the catalytic conditions, many of these metals are close to the oxidation point, leading to the formation of bulk oxides. Therefore, in the last decade an intense research activity has been focused on the oxidation of transition metals. One of the major results originating from this research was the discovery that the transition from the metallic catalyst to the oxide does not proceed in a single step, but that the formation of the bulk oxide is often preceded by ultrathin oxide films consisting of only a few monatomic layers. In addition to the low-dimensional oxide films observed on Rh surfaces [2] [3] [4] , similar films have been discovered on several other late transition metals, including Ru [5] [6] [7] , Pd [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and Pt [18] [19] [20] [21] [22] . The formation of the surface oxides on a metallic support is not only of academic interest, but has practical consequences: the surface oxides do not only inhibit a further oxidation of the material, but the materials display novel properties due to the lower dimensionality of the thin films [23, 24] .
The origin of these new properties is closely related to the modifications in the atomistic and electronic structure of the oxide films. In addition to the lower coordination at the surface, the atomistic changes of the ultrathin oxide films are often driven by the mismatch between the oxide film and the substrate, resulting in reconstructions and changes in the local stoichiometry. The reconstructed surface oxide layers can differ strongly from the ideal termination of the bulk oxide and display merely the same building blocks as the bulk oxide.
As the growth of the oxides is facilitated by the presence of defects and steps [23] , the surface oxides can be readily formed on metal particles, where usually a high number of edges is exposed. But also the electronic structure of ultrathin oxide films on a metallic substrate deviates from the bulk counterpart due to the interaction with the substrate and the changes in the local stoichiometry.
These new properties open the route for a wide range of applications, including catalytic materials for oxidation reactions, coatings for an increased corrosion resistance or thermopower materials. A selection of several promising applications is presented in section 6.
It should be noted that the electronic properties of the ultrathin oxide films discussed in this review are rather unique, as the electronic structure is very sensitive to the thickness of the oxide film: in contrast to the monolayer thick ultrathin oxide films, already oxide films with a thickness of several atomic layers display basically the electronic structure of the bulk oxides [14] . Therefore already a minor variation in the experimental conditions can lead to major changes in the electronic structure of metallic particles exposed to a surrounding oxygen-rich environment. An overview of the surface science of thicker metal oxide films, including zinc oxide and TiO 2 , can be found in a recent review [25] .
Due to the common use of Rh particles in the catalytic conversion of automotive exhaust gases, numerous experimental and theoretical studies have focused on the interaction of oxygen with Rh surfaces in recent years [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , using a wide range of experimental techniques. Scanning tunneling microscopy (STM), low energy electron diffraction (LEED), core-level spectroscopy (CLS) or x-ray diffraction have been employed for the investigation of the surface oxides formed on Rh surfaces. In addition to the experimental techniques, theoretical approaches based on density functional theory have contributed to an enhanced understanding of the structure and the properties of surface oxides. By combining the experimental approaches with DFT calculations, a number of different surface oxides ranging from two-dimensional structures to quasi-one-dimensional oxide stripes have been identified.
Theoretical approaches, as given by ab initio calculations, allow us to address a wide range of relevant properties of the surface oxides on a quantum-mechanical level and provide insights into properties that are not directly accessible by experimental measurements. Therefore, this review will be focused on the insights gained from density functional theory (DFT) studies addressing the central aspects of the surface oxides formed on rhodium: section 2 will give a brief overview of the methods that have been used for the analysis of surface oxides, in section 3 the relation between the structure of the surface oxides and their bulk counterparts will be discussed and in section 4 the electronic properties of the surface oxide films will be analyzed. In the following section 5, the morphological changes induced by the stability of the surface oxides on various surface orientations will be discussed and finally in section 6 selected applications of surface oxides will be reviewed.
Theoretical simulations of surface oxides
In the last decade, simulations based on density functional theory (DFT) have become the dominating theoretical approach for the investigation of thin oxide layers and surface oxides on a quantum-mechanical level [44, 45] . Modern DFT programs allow us to reliably determine the ground state structure and the ground state energy of systems consisting of several hundred atoms.
It should be noted that even for ab initio methods the choice of an appropriate exchange-correlation functional for the electronic interactions has to be taken with care. In recent years, gradient-corrected (GGA) exchange-correlation functionals [46] [47] [48] have evolved as the standard method of choice for surface science studies. While they tend to give an appropriate description of adsorption processes on metallic surfaces, they often severely underestimate the bandgaps of the insulating transition metal oxides, and also fail to predict the correct surface terminations of multivalent surface oxides such as Mn x O y [49] .
These shortcomings can be partially cured by using socalled hybrid functionals, like the HSE06 [50, 51] functional, where a certain amount of exact exchange is added. While the computationally more demanding hybrid functionals offer an improved description of the bulk properties of correlated transition metal oxides, the description of metallic systems is worse, and adsorption energies are usually overestimated.
As the ultrathin rhodium oxide films on a metallic support discussed in this review display a metallic behavior (see section 4), an appropriate description is therefore rather obtained using traditional GGA exchange-correlation functionals.
It should be noted that quantities like the adsorption energy still depend on the actual flavor of the GGA functional used. In addition, there is a fundamental flaw in all commonly used semi-local exchange-correlation functionals (including rPBE [47] or PBEsol [52, 53] ), as they give either too high adsorption energies (PBEsol, HSE06) or too low surface energies (rPBE) (see also [54] ), but fail to give a good description of both central quantities for the stability of a surface. Within the GGA functionals, the PBE (GGA) functional is a reasonable compromise between these two extremes, although it still yields a significant error of more than 100 meV in the (absolute) adsorption energies. Unfortunately, only computationally significantly more expensive non-local many-body theory approaches to the correlation energy allow us to cure this problem consistently [54] .
Additional complications can arise due to the polarity of the surface of a bulk oxide. Mechanisms for the compensation of the polarity in oxide surfaces and thin films have been recently reviewed by Noguera and Goniakowski [55, 56] .
Although the DFT calculations only offer direct access to the (0 K) ground state properties of the materials, the experimental temperature and pressure conditions can be taken into account by assuming a thermodynamic equilibrium between the surface and the surrounding gas phase. In this approach, the so-called ab initio thermodynamics [57] , the ground state energy E is replaced by the Gibbs free surface energy γ :
with the number of metal (oxygen) particles N M (N O ) on the surface area A and the respective chemical potential μ x . For the oxidation of the metallic particles discussed in this review, the chemical potential of the metal particles is determined by the metallic substrate. Therefore, this scheme allows us to determine the stability of the oxide films as a function of the chemical potential, which is in turn determined by the temperature and the pressure of the surrounding oxygen in the gas phase. Consequently, this approach allows us to compare the energetics of oxide films with varying stoichiometry as a function of the experimental conditions, and hence to establish a phase diagram covering the complete pressure/temperature regime (see section 3).
Nevertheless, kinetic effects in the formation of the oxide films and the uncertainties in the calculated energies make a direct comparison of the predicted phases with experimental data of uttermost importance. Fortunately, several common experimental techniques can be directly simulated on the basis of data derived from density functional theory calculations.
• Scanning tunneling microscopy (STM) measurements offer a real-space view of the surface with an atomic resolution. Within the Tersoff-Hamann approach [58] , the images can be simulated from the projection of the charge density around the Fermi energy, allowing us to verify the predicted structures.
• Vibrational spectra, as derived from high resolution electron energy loss (HREELS) spectroscopy, can be directly derived from a determination of the potential energy surface of the adsorbates.
• A spectroscopic measurement of the shifts in the electronic core levels (CLS) via high resolution corelevel spectroscopy (HRCLS) offers insights into the local chemical properties, such as the coordination of selected atoms. The CL shifts can be simulated by considering changes in the local potential at the core positions; a more involved scheme allows us also to include the final state effects [59] .
In addition, further valuable information can be obtained from a number of surface science techniques.
• Data derived from low energy electron diffraction (LEED) directly map the superstructures present on the surface. In addition, dynamical LEED calculations allow us to propose structural models of the local arrangements on the surface.
• Auger electron spectroscopy (AES) allows us to determine the chemical type of the atoms present on the surface and therefore to identify impurities on the surface.
• Surface x-ray diffraction (SXRD) allows us to measure the crystal truncation rods in the reciprocal space induced by the presence of a surface. Therefore this technique can be used to analyze and to identify changes in the exposed surface orientation [60] .
Structural properties of surface oxides on Rh surface

Two-dimensional surface oxides
In contrast to the surface oxides on other metals of the platinum group, such as Pd [9, 61] or Pt [22] , the surface oxide films on Rh do not depend strongly on the exposed surface orientation, but have a rather uniform appearance on all three low-indexed surfaces. A detailed comparison of the surface oxides on these late transition metals has been recently reviewed by Lundgren [62] . The first report on the structure of this surface oxide film on Rh(111) has been based on a combination of CLS measurements, STM images and density functional calculations [2] . The structure of the surface oxide is closely related to a reconstructed termination of bulk Rh 2 O 3 in the corundum structure (figure 1). The unreconstructed (0001) surface of corundum Rh 2 O 3 consists of alternating planes of Rh 2 and O 3 ( figure 1(a) ). Yet the oxygen-terminated (0001) surface is not stable but prone to a reconstruction where one of the Rh atoms of a lower layer is shifted to the subsurface Rh layer (figure 1(b)), stabilizing the uppermost layer. This reconstruction can be attributed to the large 'voids' in the unreconstructed corundum (Rh 2 O 3 ) termination (figure 1(a)), which can be easily filled by the moving of the Rh atoms from the subsurface layer to the surface layer ( figure 1(b) ). Thus the reconstructed surface consists of a trilayer O-Rh-O with the formal rutile stoichiometry RhO 2 .
The changes in the chemical environment of the Rh atoms in the trilayer are clearly reflected in a calculated core-level shift of 0.78 eV (experimental: 0.79 eV). It is noteworthy that even the free-standing RhO 2 trilayer is rather stable. Yet the calculated lattice constant of the trilayer has a value of 3.10Å, larger than the computed nearest-neighbor distance of 2.72Å of the metallic Rh(111) surface. As the interaction within this layer is significantly stronger than the interaction with the substrate, the surface oxide does not grow epitactically but forms an extended (8 × 8) overstructure on the (9 × 9) surface, in agreement with the experimentally observed moiré pattern. Interestingly, the adsorption of a thicker oxide film on the metallic surface is energetically less stable than the adsorption of only the trilayer (see the phase diagram in figure 2 ). Therefore the formation of the RhO 2 trilayer leads to a passivation of the surface, hindering further oxidation. It is noteworthy that even the RhO 2 surface oxide on Rh(111) is only metastable, as it is well within the thermodynamic stability range of complete oxidation, i.e. the formation of the bulk oxide (figure 2).
The high stability of the RhO 2 trilayer leads to a similarly shaped film when the Rh(100) surface is oxidized [3] . LEED measurements indicate that a c(8×2) structure is formed under oxygen-rich conditions. Combining the information derived from the CLS data and STM images with ab initio calculations, it could be demonstrated that the same geometrical O-Rh-O trilayer structure is formed on the (100) surface [3] .
In contrast to the oxide on Rh(111), the O-Rh-O trilayer on Rh(100) is also thermodynamically stable as the increased interaction with the more open surface stabilizes the film. Finally, the formation of a c(2 × 2) phase has been observed during the oxidation of Rh(110) [26] . Also on this surface the similarity in the Rh 3d core-level shifts and the STM images indicated the presence of a trilayer surface oxide, which has been confirmed on the basis of DFT calculations [63] . As the (110) surface is the most open surface of all the low-indexed orientations, a pronounced stabilization of the film through the stronger interaction with the substrate could be expected. Yet the roughness of the (110) surface leads to a complex phase diagram, in which the formation of the twodimensional oxide film is preceded by one-dimensional oxide stripes formed at the ridges of the surface, which in turn delay the formation of the oxide film. The properties of these oxide stripes will be discussed in section 3.2.
One-dimensional surface oxides
While a uniform oxide film has been observed on all lowindexed Rh surfaces, the situation is more complex when rougher surfaces are under consideration. Yet this 'gap' between the surface oxides on the well-defined model case of the flat, low-indexed surfaces and the appearance on more realistic systems with a high density of defects and edges can be bridged by investigating the oxide formation on a regular arrangement of steps, as present on the higher-indexed surfaces.
The surfaces oxides formed in the vicinity of steps have been studied in detail for the two step orientations present on an fcc (111) surface (figures 3(a) and (b)). In the first case, which is representative for the Rh(553) and Rh(331) surfaces, the hexagonal (111) terraces are separated by step edges with (111)-oriented facets ( figure 3(a) ). The increased adsorption energy in the vicinity of the step leads to an agglomeration of oxygen at the edges, leading to a completely covered edge if the oxygen partial pressure is sufficiently high [64] . The high local content of oxygen induces significant stress along the step edge, resulting in a (10 × 1) reconstruction where two out of ten Rh edge atoms are removed ( figure 3(c) ). After the reconstruction, the oxide stripes with the formal stoichiometry of RhO 2 are expanded by about 10% and have an average oxygen-rhodium distance of 2.05-2.10Å, close to the value of 2.10Å for the bulk oxide. The Rh 3d core levels are shifted by 0.6-0.9 eV compared to the clean step edge, indicating an oxidic behavior. This type of reconstruction is not unique to Rh(553), but has also been observed on the same type of facets present at Rh(331) [64] or Rh(110) [63] . In addition, closely related structures have been observed for other late transition metals, such as PtO 2 on Pt(110) [18, 21] or NiO 2 [66, 67] on Rh(553).
The formation of a related, but structurally slightly different 1d oxide stripe has been predicted when changing from steps with (111) facets to (100) facets ( figure 3(b) ). Indeed, oxide stripes with the same RhO 2 stoichiometry have been observed on Rh(223) [23] , which has the same (111)-oriented terrace but more open (100) facets at the step edge. Therefore the comparison of the oxide stripes on the Rh(223) edges and on the Rh(331) allows us to analyze the influence of the facet orientation on the oxide formation. While the increased adsorption energy at the step edge leads again to the formation of RhO 2 stripes at the edges, the weaker interaction with the substrate results only in a deformation of the continuous stripes ( figure 3(c) ) instead of the creation of vacancies leading to the shorter segments present on Rh(331). The pronounced stability of these continuous stripes even hinders the further oxidation of the material [23] .
It is important to note that the 1d oxide stripes have formally the same RhO 2 stoichiometry as the 2d oxide layers. Yet the oxide stripes are more than mere precursors of the oxide films, as the 2d oxide films can only be stabilized on an sufficiently flat surface. Therefore, the 2d surface oxide films have only been observed on the low-indexed surfaces of rhodium, while the oxide stripes form readily at the step edges without the need of a long-ranged order in the direction perpendicular to the steps. Consequently, only Rh(110) provides a suitable basic structure for both the growth of 1d and 2d rhodium oxide films.
Electronic properties
There are several known phases of bulk rhodium oxides, including corundum Rh 2 O 3 and rutile RhO 2 . The two phases do not only differ in structural properties but also display a change from an insulating phase to a metallic phase. As the electronic properties of the Rh surface oxides have not been analyzed in detail before, additional calculations performed to elucidate the electronic properties of the surface oxides are presented in this section. These data have been obtained from ab initio calculations using the Vienna ab initio simulation package (VASP) [68, 69] , with PAW potentials [70, 71] , and a cutoff energy of 250 eV. The electronic structure of the bulk oxides has been obtained using the PBE exchange-correlation functional [48] as well as the HSE06 hybrid functional [50] . The surfaces have been represented as periodically repeated slabs consisting of at least six layers for the close-packed surface orientations and up to ten layers for the more open surfaces. For the integration in the Brillouin zone we have typically used a Monkhorst-Pack mesh corresponding to a 4 × 4 × 4 mesh for the double Rh 2 O 3 cell. Figure 4 shows a comparison between the calculated local density of states-projected on the Rh atoms-of the oxide phases, ranging from the bulk oxides to the RhO 2 oxide films. Evidently, the most striking difference can be related to the change in occupation of the t 2g and e g orbitals, as reflected in the formal charge state of the atoms. The rhodium atoms in corundum Rh 2 O 3 are in a formal state of Rh 3+ , leading to complete filling of the t 2g states ( figure 4(a) ). The e g states are not occupied and are positioned well above the Fermi level. Thus the PBE calculations predict an insulating behavior for Rh 2 O 3 , with a bandgap of about 0.5 eV. Yet the gradient-corrected PBE calculation has a general tendency to underestimate bandgaps, and indeed experimental measurements indicate an optical bandgap of 1.4 eV [72] .
The underestimation of the calculated bandgap can be partially cured by using so-called hybrid functionals, such as the HSE06. Indeed, with a value of 2.4 eV the predicted bandgap of Rh 2 O 3 is significantly wider using the HSE06 functional ( figure 5(a) ), even overestimating the experimental values. Therefore, a further improvement in the theoretical description of the bandgaps can only be obtained by using computationally expensive methods, such as Green's-functionbased (GW) approaches.
The situation is quite different for Rh oxide in the rutile RhO 2 structure, where the rhodium atoms have a formal oxidation state of Rh 4+ . Thus the t 2g states are not completely filled and states at the Fermi level are occupied. Therefore the oxide displays a metallic behavior ( figure 4(b) ), independent of the (PBE and HSE06) functional used. The surface oxide has formally the same RhO 2 stoichiometry as the rutile structure and the Rh atoms are also in an octahedral coordination. The local density of states of the free-standing trilayer (figure 4(c)) displays a clear separation between the occupied t 2g states and the unoccupied e g states. Due to the lower dimensionality of the system, the bandwidth of the Rh d bands is reduced, but again the t 2g states are not completely filled. Therefore the states at the Fermi level are occupied and consequently the trilayer displays a metallic behavior.
The electronic structure of the RhO 2 trilayer supported on the Rh(111) surface ( figure 4(d) ) is closely related to the free-standing trilayer, with only minor modifications due to the interaction with the substrate. Both the d bandwidth and the energetic position of the orbitals are similar, but the hybridization with the support reduces the density of states directly at the Fermi level.
In conclusion we note that both the unsupported and the supported surface oxide films are predicted to display a metallic behavior due to the partial filling of the t 2g orbitals.
Oxide-driven morphological changes
While the surface oxides discussed up to this point have been investigated in surface science studies with well-defined surface orientations, the situation is more complex when considering realistic catalytic applications. In this case the catalyst material is usually applied as small particles, where the surrounding gas phase can lead to additional morphological changes [73, 74] .
Due to the high internal stability of the surface oxides, the ultrathin films can only be stabilized on the flat, lowindexed surface orientations which offer sufficient space for the formation of continuous films. This pronounced stabilization of the low-indexed surface orientations can lead to morphological changes of small particles under oxygenrich conditions, as recently reported in a combined x-ray diffraction and transmission electron microscopy (TEM) study of supported Rh particles on magnesium oxide(001) [73] . Apart from academic interest, a knowledge of the exposed facets is also a key property for an atomistic understanding of the catalytic activity of the supported Rh particles. Two major adsorbate-driven morphological changes have been observed experimentally: (a) step bunching, leading to a clustering of areas with a higher step density, and (b) changes in the particle shape of (supported) Rh particles.
The oxygen-induced faceting and step bunching of a higher-indexed surface have been discussed in detail in a combined theoretical and experimental study in the exemplary case of the Rh(553) surface [64] . The Rh(553) surface displays a (111)-oriented terrace, separated by steps with (111) facets. Using a sufficiently high temperature of 380
• C and an oxygen partial pressure of 10 −6 mbar, the surface facets into areas of (111) and (331) orientation. A detailed analysis of the structures present under these conditions shows that the (111) facet is covered with a regular p(2 × 1) adsorption structure, while the (331) surface is covered by one-dimensional oxide stripes. Although a similar arrangement could be realized on the Rh(553), the faceting of the surface allows us to minimize the repulsion between the oxide stripes and the adsorption phase. DFT calculations confirm that the energy gain through the minimized repulsion is sufficiently high to stabilize the reconstruction. The stabilization of the low-indexed surfaces is even more pronounced under more oxidizing conditions, where the two-dimensional surface oxides form. Exposing the same Rh(553) surface to a pressure of 10 −3 mbar and a temperature of 550
• C, the surface completely facets into large areas of (111) and (111) orientation covered by the 2d surface oxide film.
In a more general case, the adsorbate-driven morphological changes of an unsupported Rh cluster have been investigated with the help of ab initio calculations [17, 22] . The thermal equilibrium shape of mesoscopic clusters can be derived from the Wulff construction [75] , which relates the amount of exposed surface to the free surface energy. Therefore, a detailed knowledge of the adsorption structures, and the related adsorption energies, gives direct access to the cluster shape. Figure 6(a) Figure 6 (b) shows the predicted particle shape for the clean particles. The particle is dominated by the (111) facets (green areas), which have the lowest surface energy. Only small areas of (100) (red areas) are present and higher-indexed surfaces are nearly completely suppressed. The situation changes when the adsorption of oxygen sets in (figures 6(c) and (d)), as the increased adsorption energy stabilized the rougher surfaces and leads to increased exposure. Finally, when conditions lead to the formation of the surface oxide films, the particle is predicted to expose the (110) and (111) orientations where the surface oxide film has the highest stability ( figure 6(e) ). Therefore, under highly oxidizing conditions the shape is determined by the presence of the surface oxide films. This prediction has been confirmed by x-ray diffraction and TEM measurements of the oxygeninduced shape changes of supported Rh particles [73] : after the formation of the surface oxides, the authors observe an increased presence of areas with a (100) orientation. However, in contrast to the theoretical predictions, the authors do not observe areas with (110) orientations, which might be related to the kinetics of the process.
Applications of Rh surface oxides
The common use of transition metals for catalytic oxidation reactions is one of the key motivations for the investigation of the oxidation of these materials. The research has led to the discovery of surface oxide films on the Pt group metals. Although the surface oxides on Rh, which have been discussed in the previous sections, are well established by now, the question of the catalytically active phase is still under discussion. Only in recent years have several studies on the chemical activity of the surface oxide films on Rh been undertaken. In the following, the state of research on the following aspects will be reviewed: (i) the formation of the surface oxides, (ii) several prototypical reactions, namely water formation, CO oxidation and N 2 O decomposition, taking place under conditions where the surface oxide of Rh can be formed, and (iii) finally specific thermoelectric properties related to the electronic structure of the RhO 2 layers will be reviewed. 
Formation of surface oxides
The formation of the surface oxides on Rh(111) has been studied recently in a combined STM and DFT study [23] . Creating sputtering-induced defects on the flat Rh(111) surface, the single stages in the formation of oxide films could be observed. Initially, the exposure of the monolayer-deep holes leads to the formation of 1d oxide stripes at the edges of the holes, with a structure similar to the stripes formed at the step edges which have been discussed in the previous section. The oxide stripes act as precursors for the formation of the 2d oxide films. Yet the dynamics of the process depends crucially on the local structure of the oxide stripes present at the edges: while the compact stripes formed on the (100) facets inhibit further oxidation, the reaction proceeds much faster on the more open (111) facets (figure 7). This observation is both related to the lower step energy of the oxide films at the (100) facets, leading to a higher thermodynamic stability, and to the lower kinetic barriers of this process at the (111) facets. The formation of the 2d oxidic O-Rh-O trilayer passivates the surface against the further oxidation necessary for the growth of a bulk-like oxide [2] . On the basis of DFT calculations, this observation could be directly related to the thermodynamic stability of thicker films supported on the surface: in contrast to the formation of PdO films on Pd(100) [14] , three-and fourlayer thick RhO films are less stable than the O-Rh-O trilayer, even at a chemical potential well within the stability regime of the bulk oxide ( figure 2) .
Consequently, the high stability of the Rh surface oxide passivates the surface against further oxidation, which also partially explains the pronounced corrosion resistance of rhodium [76] . Naturally, this auto-passivation of the surface offers interesting routes for corrosion-resistant coatings. The application of coatings is not only restricted to corrosion: coatings with Rh films with a thickness of up to 1.7 μm have been found to provide enhanced mechanical and optical properties [77] . Yet little is known about the influence of the surface oxides on these properties, which provides ample room for further studies.
Reactivity of Rh surface oxides
The activity of an oxidic material for oxidation reactions is closely related to the availability of the oxygen bound in the oxide phase. Consequently, several studies have been dedicated to the reduction of the Rh surface oxide film with hydrogen (via the formation of water) or CO.
The formation of water on the oxidized surface can be a complex process, as not only oxygen can be incorporated into the surface, but the exposure of thin, metallic Rh films can also lead to the formation of hydrides [78] . Still both 1d Rh surface oxides and 2d Rh surface oxides can be readily reduced with hydrogen. The reduction of the 1d oxide stripes with molecular hydrogen has been investigated in a welldefined surface science study using a combined STM and DFT approach [79] [80] [81] . The authors find that the reduction of the (10 × 2) oxide stripes on Rh(110) proceeds in two steps. In the initial step, the reaction removes half of the oxygen atoms, leading to a regular p2mg-like zig-zag adsorption pattern for the remaining oxygen atoms. The water formation starts at the vacancies separating the stripes, but proceeds only to the middle of the segments, leading to a comb-like reaction front. This observation could be directly related to the lattice relaxation during the propagation of the reaction. In a different study, the water formation reaction has been investigated with the help of field ion microscopy (FIM) on the various facets present at the Rh tip [82] . The authors find an oscillatory behavior of the reaction, which they relate to the formation of an oxide layer.
But also the reduction of the surface oxide with CO has been investigated in several studies in recent years. Flege and Sutter have probed the activity of the Rh surface oxide on Rh(111) for the oxidation of CO in a combined in situ low energy electron microscopy (LEEM) and low energy electron diffraction (LEED) study [65] . Comparing the activity of the monolayer-thick RhO 2 surface oxide to a thicker oxide ('(1 × 1) ox ') film on the surface at 550 K, they observe an activity of the surface for an oxygen content up to the formation of the surface oxide, while the thicker oxide film remains inert even for large CO exposures. A combined experimental and theoretical study of the oxidation of CO at the RhO 2 surface oxide formed on Rh 25 Pt 75 (100) [83] provides an atomistic insight into this process. While the authors describe a weak interaction between the CO molecules and the extended surface oxide film, they find that the reaction barrier for the oxidation of CO is significantly lowered at the edges of the oxide film. Therefore the authors propose that the edges of the surface oxide provide the active centers for the oxidation. In a recent study, Gustafson and co-workers have measured the catalytic activity of the Rh surface oxide for the CO oxidation under more realistic conditions, with a gas phase pressure of the reactants in the mbar regime [60] . They confirm a direct correlation between the appearance of the surface oxide and an increase in the activity of the surface.
A further central reaction for industrial applications is the conversion of nitrogen oxides in automotive three-way catalytic converter. Unfortunately, a by-product of the NO x reduction in the three-way catalyst is the (unwanted) formation of nitrous oxide (N 2 O). Pure rhodium oxides belong to the most active oxidic catalysts for the decomposition of N 2 O [84] . Therefore, several catalytic studies have been focused on the decomposition of N 2 O at metallic and oxidic Rh particles [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] . Uetsuka [87] and Tanaka [88] have demonstrated with isotope studies the oxygen bound at the catalyst surface plays a key role for the decomposition, which follows a Langmuir-Hinshelwood mechanism. While these studies observe a high activity of the Rh particles at high oxygen coverage ( > 1) [88] , the atomistic structure of the surface has not been analyzed. Therefore the state of the active catalyst-and the presence of a surface oxide-is still under discussion. While XPS measurements by Suarez and co-workers seem to indicate that the Rh catalyst supported on TiO 2 remains metallic under the catalytic conditions [91] , Beyer et al observe two different rhodium species with differing redox properties for the Rh particles supported on silica [94] . Investigating the influence of the presence of oxygen on the decomposition of nitrous oxide (N 2 O) on small Rh particles on various supports [94] , the authors observe that Rh particles supported on MgO and SiO 2 are still highly active in the presence of oxygen, but they also find a pronounced dependence on the choice of oxidic support.
In these examples, several studies have already begun to shed a light on prototypical reactions under well-defined conditions. Yet the reaction mechanisms under realistic catalytic conditions still remain disputed. Therefore additional studies focused on the structure and the activity of the oxides under catalytic conditions will be needed to settle the question of the active phase of the catalysts.
Thermoelectric properties of RhO 2 layers
If the single layers of the RhO 2 surface oxides are not supported on the metallic Rh substrate, but rather coupled by layers of a dopant material, the new transport properties give rise to thermoelectric behavior. Thermoelectric materials, i.e. materials that allow us to convert a temperature difference into electric power, have received significant attention in recent years due to their tremendous economic potential. In particular, the discovery of the large thermopower of the layered Na x CoO 2 oxide [95] has stimulated research. The key ingredient of this material is CoO 2 layers, consisting of CdI 2 -type, edge-sharing CoO 6 octahedra, i.e. in the basic structure of the RhO 2 surface oxide layer. Due to the close relationship to rhodium, which is also found in the oxidation state Rh 3+ and Rh 4+ in the bulk oxides (see section 4), the research has quickly been extended to related layered RhO 2 materials [96] [97] [98] [99] [100] [101] . Indeed, the layered cobalt and rhodium oxides belong to the best p-type thermoelectric oxides currently known [100] .
An enhanced thermopower has been observed for (Bi 1−x Pb x ) 1 [98] and rhodium oxide layers in a Bi-Sr-Rh-O system [100] . In contrast to these studies, which are based on an alternating arrangement of the conducting RhO 2 layers separated by insulating layers, Shibasaki et al also investigated a compound structure based on CuRhO 2 [99] . In this compound, both the RhO 2 layers and the Cu layers can be conducting, leading to an involved competition. Still they find that the role of Cu conductivity quickly diminishes with an increasing temperature. In a recent study, Shibasaki et al extended the investigation of the RhO 2 layers separated by alkali metals, namely K 0.49 RhO 2 , which is isomorphic to γ -Na x CoO 2 and yields a promising power factor [101] .
In conclusion, several experimental studies have already demonstrated the fascinating transport properties of the ultrathin Rh 2d oxides, resulting in a thermoelectric behavior of several compounds based on these layers.
Yet the thermoelectricity is not the only quantity related to the transport properties of the oxide layers. Also the common use of Rh as the electronic contact material raises the question of the changes in the contact resistance when an oxide layer is formed on the metallic substrate. Although measurements seem to indicate that the effective contact resistance does not increase significantly upon the formation of oxide layers [102] , only a systematic investigation can clarify this point. Consequently, research related to the transport properties in the Rh surface oxides is an increasingly active field, promising important novel applications.
Summary and outlook
The research of the last five years on the properties of transition metal surfaces under oxidizing conditions has led to the discovery of so-called surface oxides on several late transition metals, including rhodium, palladium or platinum. These ultrathin films usually consist of only a single oxidic layer.
In the case of rhodium, a large number of studies have contributed to a detailed understanding of the structural characterization of the surface oxides. Depending on the roughness of the surface, one-dimensional stripes as well as two-dimensional films have been observed. While the twodimensional stripes can only form on the flat, low-indexed surfaces of rhodium, the one-dimensional stripes have been observed at defects and step edges. On all three low-indexed surfaces the 2d surface oxides consist of an O-Rh-O trilayer with a nearly identical structure, which is only weakly coupled to the surface. The 1d surface oxide stripes locally display on both facet types a similar structure with a fourfold-coordinated Rh atom on various step edges. Yet a different mechanism to relieve the local stress induced by the adsorbates leads to either the formation of short segments with a width of about eight units on (111) facets or a deformed but continuous stripe at the (100) facets. Still both the oxide stripes and the oxide film are closely related, as the 1d oxides can act as precursor structures for the formation of a 2d oxide film.
Both the 1d and the 2d surface oxides formally have a stoichiometry of RhO 2 . In contrast to the electronic structure of corundum Rh 2 O 3 , which has a calculated (HSE06) bandgap of more than 2 eV, the formal charge state of Rh 4+ in the surface oxide is reflected in an only partial filling of the t 2g states, leading to a metallic behavior of both the 1d and the 2d oxides.
While the structural properties of the surface oxides are well understood by now, the catalytic activity of the surface oxides is still under discussion. Both experimental and theoretical studies indicate a correlation between the presence of the surface oxides and a high catalytic activity, but neither the extended 2d surface oxide film nor even thicker layers of (bulk) rhodium oxide are very active. DFT calculations point towards an enhanced activity of the edges of the oxide film, yet the full interplay between the growth of the oxide film and its reduction by CO or hydrogen is not yet well understood on an atomistic level. Only a combination of several experimental and theoretical techniques may allow us to understand the full kinetics of this process, and ultimately allow us to tailor the catalytic properties of the metallic catalyst in the presence of surface oxides. E Lundgren, M Schmid and P Varga for helpful discussions about the experimental and theoretical aspects.
